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Abstract
The motility of mitochondria is required for providing energy and maintaining basic cellular
functions in neurons. Mitochondrial Rho GTPase (Miro) is an essential component of the
mitochondrial trafficking machinery, a protein complex that anchors mitochondria to the
microtubule motor protein for long-distance transport. As a protein localizing to the mitochondrial
outer membrane, Miro regulates the morphology and the motility of mitochondria. Upon
mitochondrial depolarization, the PINK1/Parkin pathway is activated to arrest mitochondrial
movement by targeting Miro for phosphorylation and ubiquitination in a calcium-sensitive manner.
However, it remains unclear what effects the PINK1-dependent phosphorylation has on the
structure and binding properties of Miro. This project aims to study pair-wise protein-protein
interactions between zebrafish Miro and other proteins involved in either the mitochondrial
trafficking machinery or the PINK1/Parkin pathway using yeast two-hybrid (Y2H). It is discovered
that the mutation mimicking PINK1-initiated phosphorylation affects the binding between Miro
and TRAK, another protein involves in the trafficking machinery, yet the interaction between Miro
and Parkin is unaffected. Miro with mutated EF-hands, however, failed to interact with TRAK,
Parkin, or the motor protein myosin 19. Moreover, this study also performed yeast two-hybrid
library screening and identified nine novel interactors of a zebrafish ortholog, indicating that Miro
is potentially involved in other previously undiscovered cellular functions. These observations
expanded current views on the functionality of Miro and the PINK1/Parkin pathway, and hopefully
contribute to a better understanding of the pathology of related neurodegenerative diseases.
Keywords: Zebrafish, Mitochondrial trafficking, Miro, PINK1/Parkin pathway, Yeast Two-Hybrid
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Introduction
Cells are the smallest and the most basic units of life, and they can be classified as
prokaryotic or eukaryotic. Eukaryotic cells contain membrane-enclosed organelles that serve
different cellular functions. One of the organelles being essential for the survival of most
eukaryotes is the mitochondrion. The mitochondrion is known as the “powerhouse” of the cell, for
it supplies energy to the cell in the form of adenosine triphosphate (ATP). Apart from its ability to
make ATP, the mitochondrion is also involved in cellular differentiation, cell signaling, cell death,
and the metabolic control of cell cycle (McBride et al., 2006).
In order to achieve certain cellular functions, mitochondria are delivered to appropriate
places in the cell as needed. The motility of mitochondria is especially vital in dendrites and axons,
which are the long, slender structures in neurons that are essential for signal transduction and
intercellular communication. The dysfunction of mitochondrial trafficking is the cause of many
neurodegenerative diseases such as Alzheimer’s, Huntington’s, Parkinson’s disease, spastic
paraplegia, and amyotrophic lateral sclerosis (Blackstone et al., 2011; Cai, 2005; Camara, 2010;
Chen and Chan, 2009; Chevalier-Larsen and Holzbaur, 2006; Saxton and Hollenbeck, 2012).
There are two mechanisms of mitochondrial trafficking: actin- and microtubule-dependent
(Hollenbeck and Saxton, 2005). As their names imply, each mechanism enables mitochondria to
move along one type of cytoskeletal element and is dynamically regulated by sophisticated protein
machinery. This machinery usually consists of a motor protein that can walk along the cytoskeleton
and some adaptor proteins that can link the mitochondria to the motor protein. One widely accepted
model of the microtubule-dependent mechanism contains two proteins – mitochondrial Rho
GTPase (Miro) and trafficking kinesin-binding protein (TRAK) (Glater et al., 2006; Stowers et al.,
2002). According to the model, Miro is the mitochondrial protein that mediates the connection
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between TRAK and the outer membrane of the mitochondrion, while TRAK adapts the interaction
between Miro and motor proteins such as kinesins, which mostly move to the plus end of the
microtubule, and dyneins, which usually travel to the minus end (Figure 1).
Since the protein machinery is vital for the motility of mitochondria, it is understandable that
the cell developed mechanisms targeting this protein complex for the arrest of mitochondria. Under
normal conditions, a mitochondrion generates an electrochemical gradient across its inner
membrane to compensate for the high energy required to synthesize ATP. However, when this
mitochondrion is damaged, it can lose its gradient and become depolarized. Upon mitochondrial
depolarization, the kinase PINK1 (PTEN-induced putative kinase 1) is activated and
phosphorylates Miro to arrest the motility of mitochondria (Birsa et al., 2014; Dodson and Guo,
2007; Liu et al., 2012a; Wang et al., 2011). Parkin, an E3 ubiquitin ligase, can be recruited by
PINK1 and ubiquitinate Miro for degradation. This process leads to the arrest or even the
autophagy (self-degradation) of the mitochondrion (Liu et al., 2012b; Wang et al., 2011). However,
the mechanism in terms of how the modifications of Miro initiated by PINK1 and Parkin
eventually lead to the arrest of mitochondria and mitophagy remains enigmatic.

Miro Structure
The mitochondrial Rho GTPase (Miro) protein is the main focus of this project. Miro is a
highly conserved outer mitochondrial protein that exists in almost all eukaryotes. Due to its
ubiquity in a variety types of cells, Miro was first believed to be essential in cell survival and
development (Reis et al., 2009), though this notion was later refuted by the generation of double
knock-out mice embryonic cells (López-Doménech et al., 2018; Nguyen et al., 2014). Miro
primarily localizes to mitochondria, indicating its roles in the regulation of both anterograde and
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retrograde mitochondrial movements (Fransson et al., 2003; Guo et al., 2005; Russo et al., 2009).
In addition, mutations and abnormalities in Miro expression may lead to problems in mitochondrial
morphology and motility. For instance, in yeast, the knock-out of Miro GTPase (Gem1p) leads to
the formation of collapsed, globular, or grape-like mitochondria (Frederick et al., 2004); in D.
discoideum, the entire ablation of the gene gemA (encodes a Miro ortholog) has negative effects
on mitochondrial metabolism (Vlahou et al., 2011); in D. melanogaster (a type of fly), the nonsense
mutation (gene with a premature stop codon) in dMiro causes abnormal distributions of
mitochondria and even cell death (Guo et al., 2005); in mammalian cells, the overexpression of
Miro proteins contributes to the aggregation and thread formation of mitochondria (Fransson et al.,
2003, 2006; Saotome et al., 2008).
The alignment and homology analysis of the primary sequence of Miro identified its novel
structure consisting of two GTPase domains, two Ca2+ binding EF-hand motifs and one C-terminal
transmembrane domain (Fransson et al., 2003). The transmembrane domain directly goes through
the outer membrane of mitochondria, while the GTPase and EF hands are exposed to the cytoplasm
(MacAskill et al., 2009). The two GTPase domains, located on either side of the protein, are
separated by a linker region containing two EF-hand motifs (Klosowiak et al., 2013). Like other
GTPase proteins, the GTPase domains in Miro stimulate the hydrolysis of guanosine triphosphate
(GTP) into guanosine diphosphate (GDP), yet sequence and structural analyses along with lossof-function mutations on the two GTPase domains have revealed their primary structures and
cellular functions to be very distinct. The first GTPase domain (in the N-terminus), related to
proteins in the Ras superfamily, is critical to the motility of mitochondria (Babic et al., 2015;
Fransson et al., 2003, 2006), while the second GTPase (in the C-terminus) is more structurally
similar to Rheb (a homolog of Ras) and is mainly involved in Mg2+-GDP binding (Klosowiak et
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al., 2013).
Apart from its ability to hydrolyze GTP, Miro also acts as a calcium sensor that can undergo
conformational changes in response to calcium oscillation through its EF-hand domains. Studies
have shown that Miro-regulated mitochondrial movement can be halted as the level of Ca2+
elevates, yet the mechanism behind this phenomenon is debatable (MacAskill et al., 2009;
Saotome et al., 2008; Wang and Schwarz, 2009). In Drosophila (fruit flies), it was proposed that
the increase in Ca2+ level induces a direct interaction between Miro and the heavy chain of kinesin
(KHC), a motor protein responsible for anterograde movements along microtubules, while the
complex formed by Miro, TRAK, and KHC remains intact. The binding between Miro and kinesin
blocks the kinesin-microtubule interaction, which prevents mitochondria from moving (Wang and
Schwartz, 2009). In mammalian models, however, it was believed that the increasing Ca2+ level
can inhibit the interaction between Miro and kinesin, which is essential to the movement of
mitochondria (MacAskill et al., 2009). Although it makes sense that mitochondria would be
released from trafficking machinery and therefore, stationary in areas of high Ca2+ such as the
synapse, some studies have refuted the importance of the EF-hands in Ca2+ binding. According to
the protein structures obtained from X-ray crystallography, Miro does not undergo gross
conformational change despite the elevation of calcium levels (Klosowiak et al., 2013). The
absence of Miro generated by Nguyen et al. also has no effect on the calcium-dependent arrest of
mitochondrial motility (2014). However, a more recent study has reported that Miro1 undergoes a
conformational change upon Ca2+ stress through its EF-hand domains (Nemani et al., 2018). The
role of Miro as a calcium sensor, therefore, requires further investigation.
Besides its indirect interactions through TRAK, Miro can also directly associate with motor
proteins. Studies using pull-down assays, immunoprecipitations, and proximity labeling have
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identified two potential binding partners of Miro— KIF5 and myosin 19 (MacAskill et al., 2009;
Oeding et al., 2018; Wang and Schwarz, 2009). Belonging to the conventional kinesin-1 family,
KIF5 is one of the few kinesins identified to involve in mitochondrial motility (Hirokawa et al.,
2009; Hollenbeck and Saxton, 2005). KIF5 has three isoforms, KIF5A, KIF5B and KIF5C, with
largely redundant but slightly different cellular functions in zebrafish (Campbell et al., 2014). In
neurons, kinesin-1 motors are known to bind to cargoes via the C-terminal tail domain and travel
along the microtubule in mainly anterograde (away from the cell body) direction with the Nterminal motor domain (Goldstein, 2001; Hirokawa et al., 2008). Myosin 19, on the other hand, is
an actin-based motor protein that can localize to the mitochondria through its C-terminal tail
domain (Quintero et al., 2009). The silencing of Myo19 impairs the movement of mitochondria
during anaphase, indicating its essential role in actin-dependent mitochondrial trafficking (Rohn
et al., 2014). Additionally, the knockout of Miro proteins completely inhibits the mitochondrial
localization of Myo19, suggesting that this process is exclusively Miro-dependent. However,
further investigations are required to examine the mechanism for Miro to “switch” between
microtubule- and actin-dependent mitochondrial trafficking machinery.
In most mammalian cells, Miro exists in two isoforms – Miro1 and Miro2 (Fransson et al.,
2003, 2006). In zebrafish, which is the model studied in this project, Miro has three isoforms –
Rhot1a, Rhot1b, and Rhot2. Given the fact that the knockout of Miro1 or Miro2 resulted in
different mitochondrial morphologies, it is suggested that the two Miro isoforms may have similar
but slightly distinct functions (Fransson et al., 2006; López‐Doménech et al., 2018). From the
sequence alignment and clustering analysis of different Miro proteins, Rhot1a is more closely
related to Miro1 of human and mammals, Rhot2 is similar to Miro2, while Rhot1b is remotely
related to either due to its additional 41 amino acids before its transmembrane domain. The high
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consensus between zebrafish and mammalian Miro proteins make zebrafish an ideal model to
study both the mitochondrial motility and diverse functions of each Miro isoform (Hollister et al.,
2016).

TRAK/Milton
TRAK, also known as Milton, was first discovered in fruit flies (Drosophila) as an adaptor
protein that binds to the kinesin heavy chain and is crucial to the localization of mitochondria
(Glater et al., 2006; Stowers et al., 2002). Using Drosophila and mammalian models (mainly rats
and mice), the knock-down of TRAK/Milton can reduce mitochondrial transport, cause
mitochondrial fragmentation, and even result in the complete absence of mitochondria in axons
and dendrites of neurons (Brickley and Stephenson, 2011; Loss and Stephenson, 2015; van
Spronsen et al., 2013), while the overexpression of TRAK proteins elongates mitochondria and
rearranges the mitochondrial trafficking network (Koutsopoulos et al., 2010; Lee et al., 2018).
Moreover, TRAK mostly relies on Miro to achieve its cellular functions, since the truncation of
the TRAK2-Miro binding domain leads to impaired mitochondrial transport (Kimura and
Murakami, 2014; MacAskill et al., 2009). However, in the absence of Miro proteins, TRAK can
still facilitate the recruitment of mitochondria and interact with motor proteins (Koutsopoulos et
al., 2010; López-Doménech et al., 2018).
In mammalian cells, TRAK proteins exist as two orthologs – TRAK1 and TRAK2, which
share about 58% amino acid homology (Brickley and Stephenson, 2011; Iyer et al., 2003;
Koutsopoulos et al., 2010). Although with similar functional properties, the two mammalian
TRAK orthologs are reported to be very distinct. For example, TRAK1 binds to both kinesins and
dyneins and mainly distributes in axons, while TRAK2 primarily binds to dyneins and is more
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commonly localized to dendrites (Loss and Stephenson, 2015; van Spronsen et al., 2013). The
folded conformations of TRAK1 and TRAK2 are also different. TRAK2 can exist as a homodimer,
while TRAK1 is usually monomeric (Ojla et al., 2003). However, the differences in their
contributions to the mitochondrial transport machinery remain largely unknown.
Zebrafish TRAK proteins have three orthologs – zTRAK1, zTRAK2, and zTRAK1-like
(Hollister et al., 2016), in which the differences in levels of expression and functionalities among
these three proteins are not well-understood. Previous data from our lab show that both zTRAK1
and zTRAK2 localize to the mitochondria when they are overexpressed in COS-7 cells (Stone, LB
and Sickler, PS, unpublished), which suggests that the TRAK proteins may have similar functions
in zebrafish as in other extensively studied animal models.

The PINK1/Parkin pathway
As an essential component of the mitochondrial trafficking protein complex, Miro makes it
an ideal target when the cell needs to arrest and degrade a depolarized mitochondrion. The quality
control pathway that targets Miro includes two proteins – PTEN-induced putative kinase 1
(PINK1), a kinase that targets serine or threonine residues for phosphorylation, and Parkin, an E3
ubiquitin ligase (Clark et al., 2006; Narendra et al., 2008a; Yang et al., 2006). Loss-of-function
mutations in either protein can result in similar abnormalities such as mitochondrial damage and
premature deaths of neurons, which are the main causes of some cases of familial Parkinson’s
diseases (Valente et al., 2004). The overexpression of either protein in Drosophila or in rat
hippocampal neurons can decrease mitochondrial motility (Wang et al., 2011). The overexpression
of Parkin can compensate for the loss of PINK1, yet the overexpression of PINK1 fails to rescue
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Parkin, implying that PINK1 works upstream of Parkin in the regulating pathway (Clark et al.,
2006; Park et al., 2006; Wang et al., 2011).
Under normal conditions, PINK1 proteins are constantly imported into healthy mitochondria
and degraded by mitochondrial proteases MPP, PARL, m-AAA, and ClpXP (Greene et al., 2012).
However, when the mitochondrion is damaged and loses its electrochemical gradient across the
inner membrane, the import of PINK1 stops, resulting in the accumulation of PINK1 on the outer
mitochondrial membrane. As PINK1 aggregates on the mitochondrial surface, it phosphorylates
mitochondria-associated proteins, such as Miro, and promotes the recruitment of Parkin from the
cytosol to ubiquitinate mitochondrial outer membrane proteins, which can immobilize the
mitochondrion and trigger localized mitophagy to prevent the further spread of excessive oxidative
stress (Ashrafi et al., 2014; Narendra et al., 2008, 2010).
Since Miro plays a vital role in mitochondrial trafficking, it is suggested that the
PINK1/Parkin-initiated degradation of Miro is essential to the arrest of damaged mitochondria.
However, even though both PINK1 and Parkin are found to interact with Miro, this claim seems
to be problematic (Birsa et al., 2014; Wang et al., 2011; Weihofen et al., 2009). First of all, the
proteasomal degradation of Miro is very slow (about 2-3 h after the ubiquitination), whereas the
immobilization of dysfunctional mitochondria occurs promptly (Birsa et al., 2014). In addition,
the atypical manner of Miro1 ubiquitination – multi-monoubiquitination and long ubiquitin chains
suggest that the ubiquitination of Miro1 seems to have roles beyond its degradation (Birsa et al.,
2014; Kazlauskaite et al., 2014; Klosowiak et al., 2016). Moreover, Miro can interact with Parkin
without getting ubiquitinated, and this interaction is independent of PINK1 accumulation due to
mitochondrial depolarization (Safiulina et al., 2019). These discoveries suggest that the
mechanism behind this process is more complicated than the existing model has shown, which
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raises more questions about the function of phosphorylation and ubiquitination of Miro in the
PINK1/Parkin pathway.
Zebrafish Model
For this research project, we chose to study zebrafish proteins. Zebrafish are an excellent
model not only because their whole genome is sequenced, but also because they allow for the
direct generation of genetic mutations using transgenic techniques such as CRISPR/Cas9 (Jao et
al., 2013; Renshaw et al., 2006). Zebrafish are extensively used to study the central nervous system
and brain disorders, making it a suitable model of the human brain (Stewart et al., 2014). The
alignment of zebrafish Miro and TRAK proteins with mammalian orthologs further confirmed that
zebrafish is an ideal model for this project (Hollister et al., 2016).

Project Goals
Given the importance of Miro in mitochondrial trafficking and complexity of the
mechanisms behind the PINK1/Parkin mitochondrial quality control pathway, we decide to parcel
out this issue by studying pair-wise protein-protein interactions between Miro and other related
proteins such as TRAK, Parkin or the motor protein myosin 19 using yeast two-hybrid (Y2H), a
common approach to study protein bindings in vivo. In addition, we generated mutant Miro
proteins to mimic phosphorylation or to disrupt the function of EF-hand domains in our experiment
to have a better understanding of how these modifications on Miro can affect mitochondrial
trafficking and the quality control pathway.
The second goal of this project is to identify other potential interactors of Miro, aiming to
examine other potential cellular functions or pathways Miro might be involved. From this
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experiment, we identified eight genes that exclusively interact with zRhot2 and one gene, rpl4,
that interacts with all three zRhot orthologs.
In conclusion, this project helped further investigate the effects of PINK1-dependent
phosphorylation on Miro and how the EF-hand domains play a role during this process. Moreover,
we also identified potential interactors of Rhot2, which may reveal other cellular functions Miro
proteins are involved with. Eventually, it is hoped that those results will provide information on
the mechanism behind the PINK1/Parkin pathway, and more importantly on the pathology of
Parkinson's Disease since many cases of Parkinson's are related to the malfunction of
mitochondrial localization in neurons.

Materials and Methods
Plasmid construction
The zebrafish Rhot1a, Rhot1b and Rhot2 ORFs were cloned into pGBKT7 vectors. In
addition, Zebrafish TRAK1, TRAK2, PARK2 ORFs and the tail region of Myo19 were cloned into
pGADT7. Mutations on zRhot1a, zRhot1b and zRhot2 (S156A, S156D and E208K+E328K) were
generated using the QuikChange Lightning Site-Directed Mutagenesis Kit according to
manufacturer’s directions. The sequence of primers is designed using Agilent and purchased from
IDT (Table 2). Wild-type and mutated recombinant plasmids were amplified by transforming into
NEB5-α competent cells and purified using a mini-prep protocol (modified from Ahn et al., 2000).
The integrity of purified plasmids was confirmed through Sanger sequencing analysis (Eurofins).

Yeast Two-Hybrid (Y2H)
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Constructed recombinant plasmids were transformed into appropriate yeast strains
(pGBKT7 into Y2HGold and pGADT7 into Y187) using the LiAc/SS-DNA/PEG TRAFO protocol,
plated on SD minimal agar media (SD-Trp for pBGKT7 and SD-Leu for pGADT7) and grown at
30 ºC for 3 days. Diploid two-hybrid yeast strains were made by mating transformant Y2HGold
with Y187, incubated at 30ºC overnight while shaking at 200 rpm in 0.5X YPDA and plated on
SD-Leu-Trp plates. Those plates were grown at 30 ºC for 3 days and used to make streak plates on
SD-Leu-Trp-His-Ade + X-α−gal media. The resulting steak plates were grown at 30 ºC for 3 days.

Yeast two-hybrid (Y2H) library screening
Total zebrafish RNA was extracted using TRIzol (Invitrogen) and used to synthesize the
first-strand cDNA with the Switching Mechanism at 5’ end of RNA Template (SMART)
technology (Zhu et al., 2001). Resulted cDNA was amplified using Long Distance PCR (LD-PCR)
and purified with CHROMA SPIN+TE-400 Columns. The resulting cDNA was used to create a
Mate & Plate Library in Y187 according to the user manual (Clontech) and mated with Y2HGold
containing wild-type zRhot2 (cloned into pGBKT7), plated on SD-Leu-Trp Agar and pooled on
SD-Ade-His-Leu-Trp + X-α−gal + Aba Agar to select for potential interactors of zRhot2. The yeast
colonies that grew on the selective media containing X-α−gal were inoculated in SD-Leu and
incubated at 30ºC for 24 hours. The resulted yeast culture was resuspended in zymolyase solution
(1 M sorbitol, 50 mM Tris pH 7.6, 10 mM b-mercaptoethanol, 7.5 mg/mL zymolyase*), incubated
at 30ºC for 10 minutes, and treated with lysis buffer (0.2M NaOH/1% SDS) and neutralization
buffer (3M potassium acetate, pH 5) to lyse the cells and precipitate proteins. The supernatant was
treated with 100% isopropanol to precipitate DNA and washed with 70% ethanol. DNA obtained
from yeast colonies was amplified using NEB5α cells to run colony PCR. Resulting PCR products
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were run on 0.8% agarose gel to select samples of interest. Overnight LB/Kan bacterial culture of
colonies of selected samples was set up and mini-prepped to obtain a high concentration of DNA.
The resulted products were digested with HindIII and run on 0.8% agarose gel again to filter out
repeated genes. The identity of selected genes was obtained through Sanger sequencing analysis
(Eurofins), transformed into Y2HGold and mated with Y187 containing wild-type zebrafish
Rhot1a, Rhot1b, and Rhot2 or the empty pGBKT7 vector for further confirmation. For each
identified interactors, bioinformatic tools were used to examine the cellular localization
(COMPARTMENTS subcellular database) and potential interactors (String, IntAct interaction
database) to analyze its relationship with Miro.

Results and Discussion
Results and Discussion
PINK1-dependent phosphorylation of zebrafish Rhot affects their binding with TRAK but not
Parkin.
Given its importance in mitochondrial trafficking, Miro makes it a good target for
mitochondrial arrest in the PINK1/Parkin quality control pathway. In this pathway, PINK1
phosphorylates Miro at Serine 156 as it accumulates on the outer mitochondrial membrane (Wang
et al., 2011). It is predicted that in zebrafish, PINK1 phosphorylates Miro orthologs at the same
spot (Hollister et al., 2016). In order to study the function of PINK1-dependent phosphorylation
on Miro, we generated two types of mutations on Miro – S156A, which completely prevents
phosphorylation, and S156D, which mimics the phosphorylated state of Miro, and performed yeast
two-hybrid analysis between zebrafish Miro (wild-type, S156A and S156D) and zTRAK1,
zTRAK2, or zParkin proteins to examine pair-wise interactions. As a result, wild-type Rhot1a did
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not interact with either zTRAK proteins, while Rhot1b and Rhot2 interacted with both zTRAK.
However, this interaction was disrupted in the phosphomimic mutants of Rhot1b and Rhot2
(Figure 2). Parkin, on the other hand, interacts with all three zRhot proteins regardless of the
phosphorylation at serine 156 (Figure 2). Given the fact that zRhot1a also failed to interact with
either human TRAK proteins in another Y2H experiment (Hollister et al., 2016), we can conclude
that either the TRAK binding domain on zRhot1a was not properly folded in yeast, or that zRhot1a
has functions distinct from its orthologs. In addition, our resulted supported a recent finding – the
interaction between Miro proteins and Parkin is independent of the accumulation of PINK1 upon
mitochondrial damage (Safiulina et al., 2019), even if PINK1 works upstream of Parkin in this
regulatory pathway.

Mutations on Rhot EF-hand domains disrupted interactions between zRhot, zTRAK, and
zParkin.
Miro proteins contain two EF-hand domains that are found to involve in the recruitment of
Parkin and the ubiquitination of Miro upon mitochondrial depolarization (Safiulina et al., 2019).
To investigate whether the EF-hand domains can disrupt the interaction between Miro and other
related proteins, we constructed Miro EF-handKK mutants (E208K and E328K) on all three
zebrafish Rhot orthologs and performed yeast two-hybrid with zebrafish TRAK1, TRAK2, Parkin
to examine the outcome of having disrupted EF-hand domains (Fransson et al., 2006; MacAskill
et al., 2009). All of the mutated Rhot proteins failed to interact with either TRAK or Parkin (Figure
3).
Another interesting fact about Miro proteins is that both Miro1 and Miro2 can interact with
the C-terminal of Myosin 19 (the tail region), the motor protein that is involved in actin-based
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mitochondrial trafficking (Lopez-Domenech et al., 2018; Quintero et al., 2009). In addition, the
degradation of Miro during the PINK1/Parkin quality control pathway also causes a rapid loss of
Myosin 19 (López‐Doménech et al., 2018). Thus, to confirm this interaction and to investigate
how it may be affected by the PINK1/Parkin pathway, we performed Y2H between zebrafish Rhot
proteins (wild type and EF-handKK mutants) and the tail region of Myosin 19 and confirmed that
the interaction between Miro and Myosin 19 does exist, but is disrupted in the EF-hand mutants
(Figure 4). However, due to the limitation of yeast two-hybrid and the absence of effective positive
control, the disrupted interactions between zRhot with EF-hand mutations and other proteins could
be caused by the incorrect folding of proteins in yeast. Therefore, alternative in vitro approaches
such as co-immunoprecipitation (co-IP) are encouraged to further validate those results.

Y2H library screening identified nine novel interactors of zRhot2.
To identify other potential interactors of Miro, yeast two-hybrid library screening was
performed on zRhot2. The genes found to potentially interact with Rhot2 were then used to
perform Y2H analysis with all three wild-type zRhot proteins to confirm those findings. In
conclusion, nine novel interactors of zRhot2 were identified, in which eight of them interact
exclusively with Rhot2 (Table 1). Among those genes, two encode intermediate filaments (si:dkey183i3.5 and krt91); two encode ribosomal subunits (rps5 and rpl4); one encodes a mitochondrial
outer membrane anion channel (vdac3); one encodes a histone protein H3 (h3f3d), and three other
genes (enkur, mmp15a, fkbp3) that are involved in multiple non-specific cellular functions.
The gene krt91 encodes a Type I keratin that is orthologous to keratin 19 in human and mice,
while si:dkey-183i3.5 encodes for a Type II keratin that is more similar to Keratin 7 or Keratin 8
(Krushna Padhi et al., 2006). Both types of keratins are essential for the formation of intermediate
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filaments in cells for structural support and linking contractile elements together. Mice lacking
keratin 19 had significantly weakened titanic contractions in fast-twitch skeletal muscles, which
also caused mitochondria to mislocalize and accumulate in sarcolemma (Stone et al., 2007).
Interestingly, in the same study, keratin 19 and keratin 8 were both co-purified with the complex
forming costamere, a protein complex responsible for connecting the sarcomere in striated muscle
cells to the plasma membrane, while keratin 8 was not co-purified in the sample missing keratin
19. Since Rhot2 can interact with both keratin 19 and keratin 8 orthologs in zebrafish, it is possible
that Rhot2 may also involve this machinery by interacting with both keratins and is therefore
responsible for the apt translocation of mitochondria during this process.
RPL4 and RPS5 are both ribosomal subunits. RPL proteins refer to large subunits that
compose ribosomes (60S), while all RPS proteins are the small subunits of ribosomes (40S). As a
cytosolic protein, RPL4 is predicted to localize to the mitochondria in mice, rats, fruit flies and
humans, though with low confidence scales, although no evidence has suggested that RPS5 has
similar cellular localizations (COMPARTMENTS subcellular localization database). In fact, the
association between ribosomes and mitochondria is not new, since studies have shown that some
mitochondria-destined proteins are imported into the mitochondria in a co-translational manner
(Gehrke et al., 2015; Lesnik et al., 2015). In yeast, cytosolic ribosomes (80S) can attach to the
mitochondrial outer membrane, especially when the cells were treated with cycloheximide
(Kellems and Butow, 1972). This interaction is reported to involve ribosome-specific receptors on
the outer membrane such as OM14 and is controlled by a GTP-dependent process (Crowley and
Payne, 1998; Lesnik et al., 2014). Given that Miro has GTPase domains, it is possible that Rhot2
is involved in this mechanism, mediating the interaction between ribosomes and the receptor
proteins on the outer membrane.

IDENTIFICATION OF ZMIRO INTERACTORS USING Y2H

TAO 19

VDAC3 (voltage-dependent anion channel 3) belongs to the mitochondrial porin family that
localizes to the mitochondrial outer membrane. VDACs are voltage-gated channels that allow the
translocation of anions including chlorides, phosphates, and adenine nucleotides (Liu and
Colombini, 1992). These channels also have binding sites for cytosolic kinases such as glycerol
kinase and hexokinase isoforms (Adams et al., 1991). Since VDAC3 only shares about 60% - 70%
homology with other isoforms, it may have cellular functions distinct from VDAC1 and VDAC2
(Sampson et al., 1997). For example, VDAC3 is involved is the quality control pathway of
mitochondria, in which the cysteine residues in VDAC3 are exposed to the intermembrane space
of mitochondria and can undergo irreversible oxidation reactions resulting from the presence of
reactive oxygen species (Reina et al., 2016). According to this model, due to the oxidation of
cysteines, VDAC3 goes through a conformational change and recruits Parkin for its own
ubiquitination. Since Miro is also a substrate of Parkin in the PINK1/Parkin mitochondrial quality
control pathway, it is possible that Miro interacts with VDAC3 to coordinate and promote the
ubiquitination of mitochondrial proteins by Parkin.
The gene h3f3d encodes histone H3, a subunit known to form nucleosomes with DNA in the
nucleus. In addition, histone H3 also localizes to the mitochondria in cauliflower, though with
unknown cellular functions (Zanin et al., 2010). Given that histone proteins all have very
conserved structures and functions, it is possible that H3 in mammalian and zebrafish cells can do
the same thing and interact with Miro proteins on the outer membrane of mitochondria. However,
more experiments regarding this issue in animal models are required to draw further conclusions.
The gene mmp15a encodes for a matrix metallopeptidase called MMP15a, which is the
zebrafish homolog of MMP15, an enzyme with proteolytic activity responsible for the regulation
of growth factor expression and remodeling of the basement membrane (Hotary et al., 2000). In
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mice with a deletion of Mmp15, the expression of genes responsible for mitochondrial biogenesis
was increased (Feinberg et al., 2016). However, due to the scarce knowledge we have on the
function of this enzyme, it is very difficult to provide explanations on how and why it may interact
with Rhot2 in the cell.
Enkur encodes for a protein named Enkurin, a protein that can localize to the mitochondria
and interact with OPA1 through a cross-link study (IntAct Interaction Database). OPA1 is a protein
involved in the regulation of mitochondrial dynamics such as fission and fusion (Del Dotto et al.,
2018). Since Miro is found to promote mitochondrial fusion when it is overexpressed in the cell,
it is suspected that the interaction between Enkurin and Miro is essential for the regulation of
mitochondrial fusion (Cagalinec et al., 2013), though this prediction requires further confirmations.
FKBP3 (FK506-binding protein) is a protein with multiple cellular functions including
protein folding, rapamycin binding, and the regulation of T-cell proliferation (Tong and Jiang,
2015). In mice, rats, and humans, FKBP3 isoforms are predicted to localize to the mitochondria
through PSORT analysis (COMPARTMENTS Subcellular localization database). Since this
protein can interact with Rhot2 in yeast, it is possible that this protein has the ability to localize to
the mitochondria under certain conditions, although the function of this interaction remains largely
unclear.
In summary, most of the potential interactors of Rhot2 we have identified suggest novel
interactions that need to be validated and studied. To do so, it is necessary to use alternative
methods such as co-immunoprecipitation or fluorescence resonance energy transfer (FRET) to
confirm that those interactions can actually occur both in vitro and in vivo. Furthermore, it is also
important to conduct studies to investigate the cellular functions of those potential interactors,
especially Enkurin and VDAC3, and see if they can impact the motility of mitochondria. Overall,
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by studying pairwise protein-protein interactions using yeast two-hybrid, this project provided
information on how the PINK1/Parkin pathway can influence the binding properties of Miro, and
identified other proteins that can potentially interact with Miro. Hopefully, those results can add a
piece to the puzzle and lead to a better understanding of the functionality of Miro proteins, the
mechanism of the mitochondrial trafficking machinery, the PINK1/Parkin quality control pathway
of mitochondria, and altogether contribute to a better understanding of related neurodegenerative
diseases.
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Appendix

Figure 1. The proposed mitochondrial trafficking complex suggests that Miro, Milton and
the motor protein forms a complex to locate mitochondria to the microtubule (Cai and Sheng,
2009). In this model, Miro interacts with the outer membrane of the mitochondrion and the
TRAK/Milton protein, while TRAK binds to both Miro and the heavy chain of kinesin protein
KIF5.
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Figure 2. The interaction between Rhot and TRAK was disrupted in phosphomimic mutants,
while the interaction between Rhot and Parkin remained intact. The chart summarizes all the
pairs of proteins that can interact with each other. Plasmids (pGBKT7) containing wild-type or
mutant (S156A and S156D) zebrafish Rhot ORFs were transformed into Y2HGold and mated with
Y187 containing the ORFs of TRAK or Parkin cloned into pGADT7 vectors. The resulting yeast
colonies were plated on selective media containing X-α-gal, where a blue color indicates the
presence of pair-wise protein interactions.
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Figure 3. Mutations on both EF-hand domains (E208K and E328K) in zebrafish Miro
disrupted their interactions with zebrafish TRAK1, TRAK2, and Parkin. The chart in the
figure summarized the pairs of proteins that can interact with each other. Plasmids (pGBKT7)
containing wild-type and EF-handKK mutant (E208K + E328K) zebrafish Rhot ORFs were
transformed into Y2HGold and mated with Y187 containing the ORFs of TRAK1, TRAK2 or
Parkin cloned into pGADT7 vectors. The resulting yeast colonies were plated on selective media
containing X-α−gal, where a blue color indicates the presence of pair-wise protein interactions.
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Figure 4. While all three wild-type Rhot proteins can interact with the tail region of Myo19,
all the EF-handKK mutants failed to do so. The chart in the figure summarized the pairs of
proteins that can interact with each other. Plasmids (pGBKT7) containing wild-type and EFhandKK mutant (E208K + E328K) zebrafish Rhot ORFs were transformed into Y2HGold and
mated with Y187 containing the ORFs of Myo19 tail cloned into pGADT7 vectors. The resulting
yeast colonies were plated on selective media containing X-α−gal, where a blue color indicates the
presence of pair-wise protein interactions.
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Table 1. Potential interactors of zRhot2 identified by Y2H library screening.

si:dkey-183i3.5

Interact
with
Rhot2

krt91

Rhot2

rps5

Rhot2

rpl4

Rhot1a, 1b
and 2

vdac3

Rhot2

mmp15a

Rhot2

enkur

Rhot2

fkbp3

Rhot2

h3f3d

Rhot2

Gene

Description
Type II keratin, forms intermediate filaments
Type I keratin, forms intermediate filaments
40S ribosomal protein S5, a major component of the
ribosome
60S ribosomal protein L4, a major component of the
ribosome
Voltage-dependent
anion
channel
(VDAC),
a
mitochondrial porin
Matrix metallopeptidase, an enzyme that regulates growth
factor expression
Enkurin, interacts with the TRPC channel as an adaptor
protein
FK506-binding protein, involves in chaperone-mediated
protein folding and regulates T-cell proliferation
H3 histone, an essential component of the nucleosome

References
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Crowley and Payne,
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Reina et al., 2016
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Table 2. Primer sequences for mutagenesis of zRhot proteins.
S156A
zRhot1a

S156D
EF-handKK
S156A

zRhot1b

S156D
EF-handKK
S156A

zRhot2

S156D
EF-handKK

F
R
F
R
E208K
E328K
F

5’- GGGCATAATAAAACAGCTCAGCGATATTCTTCAGGTTTTTGGC - 3’

R

5’- AGCCAAGAATCTGAAGAACATTGCAGAGTTGTTTTACTATGCAC - 3’

F
R
E208K
E328K
F

5’- CCTTCTGTGCATAGTAAAACAACTCATCAATGTTCTTCAGATTCTTGGCTGAAC - 3’
5’- GTTCAGCCAAGAATCTGAAGAACATTGATGAGTTGTTTTACTATGCACAGAAGG - 3’

R

5’- GCTCGGCTAAGAATCTGAAGAATATTGCTGAGCTCTTCTAT - 3’

F

5’- GTAATAGAAGAGCTCATCAATATTCTTCAGATTCTTAGCCGAGCACTCT - 3’

R

5’- AGAGTGCTCGGCTAAGAATCTGAAGAATATTGATGAGCTCTTCTATTAC - 3’

E208K

5’- GACCATATACTCAGTGACGCTAAACTCAACTGTTTTCAGAAAT-3'

E328K

5’- CGGCTCTCTCTCCCGCAAAGCTCAAGAATCT - 3’

5’- GCCAAAAACCTGAAGAATATCGCTGAGCTGTTTTATTATGCCC - 3’
5’- GGCATAATAAAACAGCTCATCGATATTCTTCAGGTTTTTGGCAGAACAC - 3’
5’- GTGTTCTGCCAAAAACCTGAAGAATATCGATGAGCTGTTTTATTATGCC - 3’
5’- TAATGATGGCATTCTGAATGATAACAAGCTTAATTTCTTCCAGAGAA - 3’
5’- CTGTGCCCTGTCTCCAGATAAGCTGAAGGATTTGT - 3’
5’- GTGCATAGTAAAACAACTCTGCAATGTTCTTCAGATTCTTGGCT - 3’

5’- GGACAATGATGGAGTCCTAAACGATAATAAGCTGACCTTTTTTC - 3’
5’- GAGATGGTTCTTTGTCTCCTGGAAAGCTTATTGACCT - 3’
5’- ATAGAAGAGCTCAGCAATATTCTTCAGATTCTTAGCCGAGC - 3’

